Localizing this surface wave near the magnetic dielectric can also enhance the polarization magneto-optical effect. 12 The modification of magneto-optical spectra was demonstrated in case the localized plasmons were hybridized with propagating surface plasmon waves. 13 Another mechanism to enhance MO is a slow light regime due to a multibeam interference in magnetophotonic crystals. 14 These structures are advantageous as they are made of all-dielectric materials without metal inclusions and demonstrate a high value of Faraday rotation as well as transmittance. 15, 16 The intriguing results are observed in magnetophotonic crystals when the optical Tamm or Bloch surface states are excited. [17] [18] [19] [20] Recently, a novel method has been demonstrated to enhance the intensity magneto-optical effect. 21 The excitation of magnetic dipole Mie resonance in far-standing silicon nanodisks covered with the thin nickel film leads to an increased magneto-optical response. The basic idea to enhance MO effects is to concentrate the light energy inside a magnetic material or on its edge. The phenomenon of MO effect enhancement is widely used for various applications in optical modulators, 22 filters, 23 isolators, 24 sensors, 25, 26 and lasers. 27 Another possible application is the magnetooptical data writing, where powerful femtosecond laser pulses can be used for magnetic order manipulating in gyrotropic materials. 28, 29 These pulses result in demagnetization processes or magnetization reversal because of a strong excitation of the electrons and spins of the system. Structures with different kind of optical resonances are used to decrease the radiation fluence for magnetization switching and to reduce the reversed magnetization area. 30 Nanoparticles with Mie resonances can be a new way not only to decrease the laser power required for switching but to generate a highmagnitude static magnetic field at the nanoscale as well. This possibility has been already demonstrated in theory. 31 Moreover, ultrafast magneto-optics allows one to control the polarization state inside a single femtosecond laser pulse 32 or to modulate the shape of the laser pulse by nanostructured magneto-optical materials when an external magnetic field is switched on. 33 Modern photonics considers metasurfaces as a promising approach to implement advances of fundamental science in real life. 34, 35 They are planar subwavelength arrays of ordered nanoparticles-meta-atoms, which are able of manipulating the amplitude and phase of light at the nanoscale ensured by their resonant nature. 36, 37 A number of static [38] [39] [40] and dynamic [41] [42] [43] configurations have been devised. These structures can concentrate light to form special modes corresponding to various resonances. In the context of magnetooptics, such structures can help to boost MO effects. Some progress has already been made in this direction by numerical simulations. 44, 45 In this work, we take a further step toward combining metasurfaces with magneto-optical media (see Fig. 1 ) and experimentally show the Faraday effect enhancement in magnetophotonic metasurfaces.
The magnetophotonic metasurface is made up of a square lattice of hydrogenated amorphous silicon (a-Si) nanodisks placed on a transparent silica substrate and covered with a thin film of nickel (Ni). We analyze, both numerically and experimentally, the optical and magneto-optical spectra of such structures. The shape, diameter, height of the nanoparticles, and the array period are optimized by numerical simulations to control the position of the two fundamental Mietype resonances in the visible and near-IR spectral ranges. All numerical and experimental results are presented for the sample comprising the array of silicon nanodisks with diameter d = 170 nm, height h = 220 nm, and lattice spacing a = 400 nm covered with a 5-nm-thick Ni film [see Fig. 1(a) ]. The lattice spacing a of the array is chosen to eliminate the contribution of diffraction and to increase the interparticle coupling. Since nickel has a high magnetic activity, it is added to the structure to achieve the magneto-optical response. The thickness of the nickel layer is optimized to avoid considerable optical losses as well as to achieve sufficient magneto-optical response. High efficiency and low losses of the aforementioned structure have been proven by corresponding numerical calculations. We use the normal incidence illumination in experiments and numerical simulations-the direction of a light wave vector is along the Z-axis and polarization is along the X-axis [see Fig. 1(a) ].
Magnetic properties of the sample are characterized by vibrating sample magnetometry technique [see Fig. 1(b) ]. Two magnetic hysteresis loops are measured. The first one is the in-plane configuration (red color on the figure) when an external magnetic field is applied parallel to the sample surface-along the Y-axis. This configuration is used for Voigt or transverse magneto-optical Kerr effects. The other configuration is the out-of-plane case (blue color on the figure) when an external magnetic field is applied perpendicularly to the sample surface-along the Z-axis. This configuration is used for the Faraday effect or polar magneto-optical Kerr effect measurements. The saturation field is approximately 1 kOe. Values of magnetization saturation are 35 µemu for in-plane configuration, while it is 10 µemu for out-of-plane configuration.
Numerical calculations are performed using the finitedifference time-domain (FDTD) technique in the Lumerical FDTD Solutions software (see Appendix A). In experiments and numerical simulations, we use the normal incidence illumination and two types of transmission configuration: (1) in the Faraday configuration, we apply an external magnetic field perpendicular to the sample surface and parallel to the light wave vector-along the Z-axis; (2) in the Voigt configuration, we apply an external magnetic field along the sample surface and perpendicular to the light wave vector and polarization-along the Y-axis.
The Faraday rotation spectra are measured with the polarization-sensitive technique (see Fig. 2 ). A near-IR Ti:sapphire laser is used as a light source in CW mode with an average intensity of 400 mW and tunability wavelength range from 760 to 810 nm. The linearly polarized light is focused at a normal incidence to the sample with a beam diameter 
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of approximately 100 µm in the sample plane, and then it passes through a photo-elastic modulator and a 45 • -oriented Glan-Taylor prism, which converts the polarization modulation to the light intensity modulation. The sample is placed in the vicinity of a permanent magnetic field of 1 kOe oriented parallel to the light propagation direction. Figure 3 (a) shows experimental (curve with dots) and numerical (solid curve) Faraday rotation spectra. The spectra show a resonant enhancement of the MO effect in the vicinity of the magnetic dipole Mie-type resonance of Si nanodisks, while the spectrum of a reference flat Ni film (purple dots) does not have any peculiarities. The enhancement of the Faraday effect is approximately 10 times larger in comparison with the reference Ni film. These results are confirmed by numerical calculations [see Fig. 3(b) ]. Since the spectrum of the MO response of the sample has resonant features in comparison with the unstructured nickel film, the enhancement of the magneto-optical response of the structure and the excitation of magnetic dipole resonance in a silicon nanodisk are in direct correlation. The discrepancies in Faraday rotation values can be explained by mismatch of dispersion data of non-diagonal elements of the nickel permittivity tensor. These data are taken from the literature 46 for calculations and may differ for the real sample.
We observe two dips in transmission spectrum, which correspond to the electric dipole (ed) Mie resonance of Si nanodisks at 675 nm and magnetic dipole (md) resonance at the wavelength of 770 nm [see Fig. 3(b) ]. A strong To confirm a correlation between the MO enhancement and magnetic dipole resonance excitation in the hybrid metasurface, we perform the proof-of-principle studies in the Voigt configuration. The experimental setup (see Fig. 4 ) used for measurements of the optical and magneto-optical spectra in the Voigt configuration is similar to the one used in Ref. 21 . The light source is a halogen lamp, the radiation of which, passing through a monochromator with a spectral resolution of 3 nm, is collected by a collimating system of lenses in a beam with an aperture of 150 µm. The linearly polarized radiation after passing through the Glan-Taylor polarizer is focused on the sample surface with a beam diameter of 100 µm at a normal incidence. The light transmitted through the sample is collected to the photomultiplier tube through an optical fiber. A lock-in amplifier is used at an optical chopper's frequency of 113 Hz to detect the signal. The magneto-optical measurements are carried out without a chopper. The reference frequency of the lock-in amplifier is set at the double frequency of the external AC 0.5 kOe magnetic field (2f = 234 Hz). AC magnetic field is being generated by home-build Helmholtz coils. An absence of the analyzer in this scheme allows us to use the lamp as a source instead of the laser because the light intensity is enough to detect the MO effect. broadening of resonances in the experiment, and changes in the MO response as a consequence. The contribution to the MO enhancement in case of electric dipole resonance is several times less than for the magnetic dipole resonance. Magneto-optical effects are susceptible to the mode character. Note that the MO Voigt effect corresponds to the first spectral derivative of the transmittance and thus does not coincide with a dip in the transmittance spectrum but matches with the maximal slope of the resonance curve. On the contrary, the Faraday effect reaches the maximum in the resonance, where the effective time of interaction between the incoming electromagnetic radiation and the resonant media is significantly increased, which mimics the gain in the magnetic layer with the thickness raise.
In conclusion, we have demonstrated, both experimentally and numerically, the multifold enhancement of the magneto-optical response both in Faraday and Voigt configurations in the spectral vicinity of the magnetic dipole Mietype resonance of Si nanoparticles covered with a thin magnetic film. The characteristic values of the magneto-optical responses observed are θ = 0.8 • and δ = 0.5%. It is noteworthy that the Faraday rotation angle switches up to 1 • with the sign change on the ultranarrow (10 nm) spectral range in the vicinity of the optical magnetic resonance of the structure. It is a remarkable effect for the ultrathin magnetic material with the thickness of the only 5 nm. Specific Faraday rotation is 160 • /µm. These results can be potentially promising for ultrafast magnetophotonic metadevices.
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APPENDIX A: NUMERICAL SIMULATIONS
The finite-difference time-domain method in the Lumerical FDTD Solutions software is used to calculate the optical response of the sample. The material dispersion data for amorphous silicon are taken from our ellipsometry measurements. The complex dielectric permittivity of the Ni film and glass substrate as a function of frequency is taken from the standard dispersion data. 47 The transmittance spectrum of the sample is calculated with using the model of a periodic array of silicon disks covered with a 5-nm-thick Ni film and placed on a semi-infinite glass substrate, illuminated at the normal incidence by a plane wave, polarized perpendicularly to the direction of magnetization. The periodic boundary conditions along both x-and y-axis and perfectly matched layers (PML) on the top and bottom of the unit cell to prevent parasitic interference are used. To obtain the magneto-optical response spectra, the non-diagonal complex permittivity tensor of the Ni film is taken into account. 46 
APPENDIX B: OPTICAL ROTATION POLARIMETRY
The Faraday rotation spectra are measured with a polarization-sensitive technique (see Fig. 2 ). A photoelastic modulator (PEM) is used as the analyzer for measuring the rotation of the polarization plane. The first polarizer after the laser is set in precise alignment with the retardation axis of the PEM. For this configuration, if there is no sample placed in the scheme, the AC component of the signal is absent, but there is a DC component. When a sample is inserted, the polarization rotation of the transmitted light is turned, and the photodetector registers the signal at the doubled frequency of the modulator. This signal is used to measure the rotation of the polarization plane. The signal at the detector is 48
where θ is the optical rotation and ∆ t is the time delay variation of the PEM. The detector signal can be rewritten in terms of Bessel functions, and the ratio of DC (V DC ) and AC (V 2f ) terms in the small angle approximation θ < 15 • leads to the expression for the optical rotation, 48
APPENDIX C: FABRICATION OF SAMPLES
The sample of the hybrid Ni-Si metasurfaces was made using a combination of the following techniques. First, a thin (220 nm) film of hydrogenated amorphous silicon (a-Si:H) was deposited onto a glass substrate by plasma-enhanced ARTICLE scitation.org/journal/app chemical vapor deposition from the mixture of SiH 4 and He gases in Oxford PlasmaLab System 100. The thickness and the optical quality of the created films were measured by the J.A. Woollam Co. Spectroscopic Ellipsometer M-2000D. Positive tone ZEP-520 electron beam resist was then spin-coated over the film and exposed in the electron-beam lithography system (Raith 150). Then, after the development of the sample thin Cr film was deposited on top of it, and lift-off procedure was applied to achieve Cr hard mask on top of the a-Si:H film. Using the reactive ion etching technique, the Cr mask was transferred to the a-Si:H film in Oxford PlasmaLab System 100 with the mixture of SF 6 and CHF 3 gases. After that, the residual Cr was removed via wet etching to obtain pure silicon metasurfaces on the glass substrate. Finally, the sample was placed into the ATC-2400-V AJA magnetron sputter system, and the 5-nm-thick Ni layer was deposited on top of it covering both the silicon disks and the substrate.
